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Summary	
•  Substantial progress has been made describing, 

understanding and attributing multi-decadal 
changes in global mean surface temperature. 
 

•  However, for regional tropical precipitation and 
tropical cyclones the “patterns” of temperature 
change may be more relevant: 
- Patterns in space: SST change relative to tropical-
mean key to tropical precip and cyclone response 
 
- Patterns in height/depth (stability and stratification 
changes) 
  
- Patterns in time (multi-year to decadal changes) 



Global  temperatures  have  shown  clear  
long-‐‑term  increase    

(seen  in  other  datasets,  CRU,  GISS,  etc)	

GCMs  have  exhibited  skill  in  recovering  these  century-‐‑scale  changes.	



On  monthly  and  regional  scales,  
changes  have  been  more  nuanced	



Observed  hurricane  
changes:  uncertain,    
not  monotonic  &  

spatially  heterogeneous	

The rough pattern of changes in the spatial structure of
hurricane activity (and the impact of a storm count ad-
justment on these changes) resembles that described in
VK08 for tropical storms.

c. Relationships between indices

In this section, we explore relationships between vari-
ous measures of Atlantic hurricane activity and between
those measures and several SST indices. Figure 5 visually
summarizes the relationships between global and tropical
Atlantic SSTs and a series of tropical storm and hurricane
frequency indices (unadjusted and adjusted basinwide
andU.S. landfalling). All time series have been smoothed
with a 5-yr running mean and then normalized to have
unit standard deviation.
The SST indices we examine include SSTs averaged

over the Atlantic main development region (MDR, 108–
208N, 808–208W), which we refer to here as ‘‘absolute
SST,’’ which has been found to exhibit a correlation with
measures of basinwide Atlantic tropical cyclone activity
(e.g., Mann and Emanuel 2006; Emanuel 2007; Holland
andWebster 2007; Mann et al. 2007; Vecchi et al. 2008).
In addition, we explore SSTs in the MDR minus the
SSTs averaged over the global tropics (308S–308N), which

we refer to as ‘‘relative SST.’’ Relative SST appears
to strongly influence large-scale climate conditions that
impact hurricane activity (e.g., Latif et al. 2007; Vecchi
and Soden 2007a). It also exhibits a statistical connec-
tion to measures of Atlantic basinwide tropical cyclone
activity (e.g., Swanson 2008; Vecchi et al. 2008; Villarini
et al. 2010). Furthermore, it has been found to describe
the response of Atlantic hurricane frequency to anthro-
pogenic warming in high-resolution dynamical model ex-
periments (e.g., Knutson et al. 2008; Zhao et al. 2009, 2010;
Vecchi et al. 2011).
Themultiyear variability of the various storm frequency

measures shown in Fig. 5 is similar, yet the century-scale
trends differ. The unadjusted basinwide frequency indi-
ces (blue) show significant increases, and a relationship
to absolute MDR SST (though the period of enhanced
frequency in the late nineteenth century is apparently not
accompanied by warm Atlantic SSTs). Meanwhile, the
various adjusted storm frequency indices (red) do not
show significant increases, and their behavior is more
similar to the U.S. landfalling counts (yellow) and to rel-
ative SST (bottom time series).While neither the absolute
nor the relative SST index shows a strong maximum like
that in hurricane counts at the end of the nineteenth

FIG. 4. Maps of linear-least-squares trend in hurricane density (density of positions where HURDAT winds .
33 m s21) during 1878–2008. (a) Computed from the unadjusted HURDAT; (b) computed after adjusting the pre-
satellite records based on the estimated missed hurricanes. A 5-yr centered mean time series of hurricane days in the
(c)Atlantic east of 62.58Wand (d)Atlantic west of 62.58W; red lines are computed using the rawHURDATdata, and
blue lines are computed after adjusting presatellite records based on the estimated missed hurricanes.
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Red/yellow  =  increase	
Blue/green  =  decrease	

Regional  increase/decrease  much  larger  than  global-‐‑mean.	

Pa#ern  depends  on  details  of  ocean  temperature  change.	

Sensitivity  of  response  seen  in  many  studies 
	 	 	 	e.g.,  Emanuel  et  al  2008,  Knutson  et  al  2008,  etc	

Adapted  from  Zhao  et  al.  (2009,  J.  Climate)	

21st  Cy  response  of    TC  frequency  in  single  50km  global  
atmospheric  model  forced  by  four  projections:    

uncertain,  heterogeneous.	



Adapted  from  Vecchi,  Clement  and  Soden  (2008,  EOS)	

Linear  trends  (1880-‐‑2005)  in  four  SST  estimates.	

LDEO-‐‑Kaplan	 HadISST  v.1	

NOAA-‐‑ERSST  v.2	 NOAA-‐‑ERSST  v.3	

Overall  warming  seen  in  all.  Structure  dependent  on  reconsruction.	

Long-‐‑term  SST  trends  in  Tropical  
Pacific  Uncertain	



Data  infilling  leads  to  differences  in  
east  Pacific  SST  trends	

dataset corroborate those in SST from HadSST2 and
Minobe/Maeda, with generally similar large‐scale patterns
and amplitudes. The agreement between NMAT and SST,
physically related quantities from independent data sets,
provides strong support for the reality of their trends. Another
important confirmation of the marine NMAT trends is their
coherence with independent air temperature trends over
nearby land areas from HadCRUT3v. For example, the
terrestrial warming over the islands of Indonesia and coastal
regions of Australia, South America, South Africa, North
America, Europe, and eastern Asia is remarkably similar in

amplitude to the air temperature increases over the adjacent
oceanic regions (even the cooling at the southern tip of
Greenland agrees with the cooling over the far north
Atlantic). There are a few isolated areas where the air tem-
perature trends over land do not match those over nearby
maritime areas, for example Madagascar, the southeastern
United States, and northern Chile.
[9] The 3 reconstructed SST data sets (ERSSTv3b,

HadISST1, and Kaplanv2) exhibit broad similarity in their
trend patterns and amplitudes, as well as overall agreement
with the un‐interpolated SST data sets, with the notable

Figure 2. Twentieth century tropical climate trends from a variety of data sources as indicated. White grid boxes denote
insufficient data. See text for additional information.
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Infilled  SST  Product	

“Gappy”  SST  Product	



GFDL  GCM  precipitation  response  to  
2xCO2  and  2°C  Uniform  Warming	

Ocean ITCZ in CAM3. This wet-get-wetter pattern,
while consistent with theoretical studies based on an
implicit assumption of uniform SST warming (Chou and
Neelin 2004; Held and Soden 2006; Chou et al. 2009), is
very different from the coupled runs in spatial distri-
bution. Over the tropical Pacific, for example, precipi-
tation change is greatest on the equator in coupled runs
(Figs. 1a,c), whereas it is large off the equator in atmo-
spheric Cess runs (Figs. 1b,d). Large differences be-
tween the coupled and Cess runs reaffirm the conclusion
that SST variations dominate the pattern formation in
rainfall change under global warming. This happens
because spatial variability in surface specific humidity

change is much larger in coupled runs than in Cess runs,
determined by spatial variations in SSTwarming (Fig. 11;
appendix).

8. Implications for tropical cyclone change

Tropical cyclone change in global warming is of great
socioeconomic concern and scientific interest. Recently,
a body of work has emerged (e.g., Vecchi and Soden
2007a; Knutson et al. 2008; Swanson 2008; Vecchi et al.
2008; Zhao et al. 2009) suggesting that the SST change
relative to the tropical mean, instead of its absolute local
change, acts as a strong predictor of the local response of

FIG. 10. Annual-mean precipitation change (green/gray shade and white contours, mm month21): (a) CM2.1 A1B
ensemblemean alongwith SST change (color contours, 8C) and (b)AM2.1Cess1 2 K run alongwithmean precipitation
(color contours at 100, 200, and 300 mm month21). Intervals for precipitation (white contours) are 10 mm month21

in (a) and 20 mm month21 in (b). (c),(d) As in (a),(b), but for CCSM3 A1B and CAM3 Cess 1 2 K runs.
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Contour:  SST  change  minus  tropical-‐‑mean	

Shade:  Precip  response  to  Uniform  2°C	
Contour:  Control  precipitation	

Xie  et  al.  (2009,  J.  Clim.)	



Free  tropospheric  temperature  changes  relatively  
uniform  (“Weak  Temperature  Gradient”  Hypothesis,  Sobel  et  al  2001);  

changes  in  stability  follow  surface  temperature  changes  
relative  to  tropical-‐‑mean	

In Cess runs (T*5 0), the percentage change in surface
specific humidity is nearly uniform in space (Fig. 11).
Equation (A1) becomes

IM
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As a result, precipitation change follows the pattern of
mean specific humidity at the surface qa* , which in turns
follows largely mean precipitation.
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FIG. A1.Annual-mean change in CM2.1A1B: (a) 300-hPa temperature (shading. 2.75 K) and
(b) gross convective instability IM/cp (shading . 2 K).
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“Threshold”  for  strong  precipitation  seems  to  
follow  tropical-‐‑mean  SST  in  obs.  and  models	

LETTERS
PUBLISHED ONLINE: 7 NOVEMBER 2010 | DOI: 10.1038/NGEO1008

Changes in the sea surface temperature threshold
for tropical convection
Nathaniel C. Johnson1* and Shang-Ping Xie2

Deep convection over tropical oceans is observed generally

above a threshold for sea surface temperatures
1–4

, which falls

in the vicinity of 26–28
◦
C. High-resolution models suggest

that the related sea surface temperature threshold for tropical

cyclones rises in a warming climate
5,6
. Some observations for

the past few decades, however, show that tropical tropospheric

warming has been nearly uniform vertically
7,8
, suggesting that

the troposphere may have become less stable and casting

doubts on the possibility that the sea surface temperature

threshold increases substantially with global warming. Here

we turn to satellite observations of rainfall for the past 30

years. We detect significant covariability between tropical

mean sea surface temperatures and the convective threshold

on interannual and longer timescales. In addition, we find

a parallel upward trend of approximately 0.1 ◦
C/decade

over the past 30 years in both the convective threshold

and tropical mean sea surface temperatures. We conclude

that, in contrast with some observational indications, the

tropical troposphere has warmed in a way that is consistent

with moist-adiabatic adjustment, in agreement with global

climate model simulations.

The existence of the sea surface temperature (SST) threshold for

convection is a well-known phenomenon with important implica-

tions for defining the regions of tropical cyclone development
5,6
,

understanding mechanisms that regulate tropical temperature
4,9,10

and delineating convectively active regions in the tropics. The

physical explanation for the SST threshold relates to the strong

dependence of atmospheric instability on local SST over the tropical

oceans, which owes to two important characteristics of the trop-

ical troposphere: the strong relationship between boundary-layer

moist static energy and SST, and the weak horizontal gradients

in free-tropospheric temperature. As the relative humidity and

air–sea temperature difference exhibit rather limited variability in

the tropical oceanic boundary layer, the boundary-layermoist static

energy depends largely on SST, with the largest values over the

highest SST. In the free troposphere, equatorial waves efficiently

smooth out temperature gradients so that tropical free-tropospheric

temperatures vary horizontally less than the SST (ref. 11). As a

result of these two characteristics, convective instability in the

tropics depends largely on the local SST, and the SST threshold for

convection corresponds approximately to the minimum SST that

can generate finite convective available potential energy (CAPE)

through a deep layer of the troposphere
12–14

.

As the SST threshold for convection is tied to convective

instability, this threshold must be strongly related to the

tropical upper-tropospheric temperature. Observations show that

tropospheric temperatures in the tropics approximately follow a

moist-adiabatic temperature profile, which suggests an adjustment

of upper-tropospheric temperatures in response to surface

1International Pacific Research Center, SOEST, University of Hawaii at Manoa, Honolulu, Hawaii 96822, USA, 2International Pacific Research Center and
Department of Meteorology, SOEST, University of Hawaii at Manoa, Honolulu, Hawaii 96822, USA. *e-mail: natj@hawaii.edu.
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Figure 1 | Time series of tropical mean SST and the SST threshold for
convection. Thirty-year time series of annual tropical mean (20◦ S to
20◦ N) SST (black diamonds) and two estimates of the SST threshold for
convection (blue squares and red stars). Linear trend lines are also shown.
The linear trends with 95% confidence intervals for the tropical mean SST,
the P= 2mmd−1 SST threshold estimate and the linear P fit SST threshold
estimate are 0.088±0.057,0.083±0.076 and 0.080±0.113 ◦C per
decade, respectively. The effective degrees of freedom in the 95%
confidence interval calculations account for the lag-1 autocorrelation in the
residual time series.

temperatures in the tropics
15
. This hypothesis of moist-adiabatic

lapse rate (MALR) adjustment predicts a close covariability between

the SST threshold and tropical mean SST. If true, the variability

and long-term trend of the SST threshold may reveal important

information about the variability and trends in the tropical

troposphere. We test this hypothesis with the use of observations

spanning multiple decades and with state-of-the-art global climate

models. For the observational data, we use two widely used

global precipitation products, the Global Precipitation Climatology

Project
16

(GPCP) and the Climate Prediction Center merged

analysis of precipitation
17

(CMAP), which provide precipitation

estimates based on a mix of satellite and rain gauge measurements

from 1979 until present. Despite differences in both the tropical

mean precipitation rate and long-term trend in these two data sets
18
,

we examine the possibility that regional changes in precipitation

and their relationships to SST, including the SST threshold, may be

more detectable than the long-term trend in tropical precipitation.

Figure 1 illustrates the 30-year time series of both the annual

mean tropical SST (ref. 19) and two estimates of the SST threshold

for convection. In one estimate, we determine the SST threshold

842 NATURE GEOSCIENCE | VOL 3 | DECEMBER 2010 | www.nature.com/naturegeoscience
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Figure 3 | Twenty-first-century changes in rainfall rate and SST frequency

distributions. a,b, Ensemble mean rainfall rate as a function of SST (a) and

SST frequency distribution (b) for 2001–2020 (blue, solid) and 2081–2100

(red, dashed) for the ten CMIP3 models of Fig. 2. SST is expressed as the

deviation from the 20-year tropical mean.

be affected by non-climatic artefacts, recent attempts to produce
better homogenized records25,26 and to incorporate dynamical
information27 in reconstructing tropospheric temperature trends
have yielded upper-tropospheric warming estimates closer to the
moist-adiabatic expectation. However, substantial uncertainty still
accompanies these revised estimates.

On the basis of the thermodynamic arguments presented above,
the similarity between the trends of SST and the SST threshold
for convection in Fig. 1 is consistent with approximate MALR
adjustment in observations and inconsistent with reduced upper-
tropospheric warming relative to the surface, as indicated in some
observational data sets. Although the statistical uncertainty of
30-year trends is rather high, the clean relationship between the SST
threshold and tropical mean SST at all timescales in both observa-
tions and models increases confidence that the tropical atmosphere
is warming in a manner that is broadly consistent with theoretical
MALR expectations. These results suggest that, in addition to
dynamical considerations related to thermal wind adjustment27,
thermodynamic considerations related to the SST threshold for
convectionmay provide important clues for understanding tropical
tropospheric changes under global warming.

Figure 2b clearly illustrates the strong link between convective
threshold, tropical mean SST and MALR adjustment in the climate
models’ simulation of the twenty-first-century tropical climate. As
a result of the mean state variability among the models, all values in
Fig. 2b are expressed as anomalies relative to the 1961–1990 mean.
This figure shows that both the tropical mean SST and threshold
are projected to increase by approximately 3 ◦C, relative to the
1961–1990 mean, by the year 2100, with the SST threshold increase
consistent with MALR adjustment.

The nearly perfect correspondence between changes in tropical
mean SST and SST threshold for convection suggests that the
fractional area of the tropical oceans that is convectively active
may change little, despite the projection of a substantial increase in
boundary-layermoisture in a warmer climate28,29. Figure 3 provides
evidence of this claim in the CMIP3 climate model simulations.
This figure illustrates the ensemble mean rainfall rate as a function
of SST (Fig. 3a) and the SST frequency distribution (Fig. 3b), for
two 20-year periods, 2001–2020 and 2081–2100, under the A1B
scenario. Here, SST is defined as the deviation from the tropical
mean for the 20-year period. Figure 3 reveals remarkable similarity

in the curves between the two periods, which suggests that, relative
to the tropical mean SST, the rainfall rate and SST frequency
distributions are projected to change little under global warming.
Inspection of the curves for the individual models (Supplementary
Fig. S4) reveals differences in the shape of the curves among the
models, but all models share this near invariance of the distribution
shape with time. This result is consistent both with the SST
threshold for convection following the tropical mean SST and with
the near invariance of the convectively active fractional area; both
characteristics seem to be a consequence, in part, of the nearly
constant tropical moist instability owing to MALR adjustment. In
observations, we see some evidence of this second characteristic
as well, as the area exceeding the 27 ◦C sea surface isotherm has
increased by 3% in 2000–2009 relative to 1980–1989, but the
fractional area with rainfall rates exceeding 2mmd−1 has remained
nearly constant or has even decreased slightly (see Supplementary
Fig. S5 and the corresponding discussion in the Supplementary
Information). The implications of Fig. 3 also support the recent
claim that local changes in tropical precipitation may follow closely
the patterns of sea surface warming, that is, the deviation between
the local and the tropical mean SST change, rather than the local
SST change alone30. On the basis of the results presented here,
we add that local changes in SST probably will not significantly
impact local precipitation unless the local SST is above the
threshold for convection.

The variability of the tropical SST threshold for convection is
robust and clearly detectable in both observations and in global
climate models. As a result of the inextricable link between the SST
threshold and upper-tropospheric conditions, the examination of
the SST threshold may provide important information on tropical
tropospheric trends under global warming, particularly given the
non-climatic artefacts found in radiosonde and satellite-derived
data sets. Both the observational data and model simulations
indicate that, as a consequence of approximate MALR adjustment,
the SST threshold for convection has risen and will continue to rise
in tandem with the tropical mean SST.

Methods

Data. For the observational analyses we use monthly mean data of the Extended
Reconstructed Sea Surface Temperature (ERSST) Version 3b (ref. 19), GPCP
(ref. 16) and CMAP (ref. 17) data sets for the years 1979–2009. We consider
the ocean regions of the deep tropics from 20◦ S to 20◦ N. For the observational
analyses, we also extended the domain (25◦ S to 25◦ N and 30◦ S to 30◦ N) and
obtained qualitatively similar results. As the SST (2◦ latitude–longitude grid) and
precipitation (2.5◦ latitude–longitude grid) data are located on different grids,
we linearly interpolate the ERSST data to the precipitation data grid for the SST
threshold for convection calculations, described below.

For the IPCC AR4 model analyses, we use monthly mean SST, precipitation
rate and 300 hPa temperature data from ten global climate models (see
Supplementary Table S2) from the WCRP CMIP3 (ref. 22) database archive. For
each model, we analyse one simulation for the 20C3M and special emissions report
A1B scenarios (run 1 for each model except run 2 for the 20C3M simulation of
CCSM3). All analyses consider the ocean regions of the deep tropics (20◦ S to
20◦ N), except that the tropical mean 300 hPa temperature calculations consider
the entire deep tropics.

SST threshold for convection calculations. For each year (September to August) in
the analysis, we calculate the mean precipitation rate corresponding to SST binned
at intervals of 0.1 ◦C. We define the year as September to August to maximize
the interannual variability associated with the El Niño/Southern Oscillation, as
this 12-month interval correlates most strongly with the November–January Niño
3.4 index in observations, but the results presented here are not sensitive to this
choice of annual mean.

We calculate the annual SST threshold for convection in two ways. In
the first way, we consider tropical ocean rainfall as a linear function of SST
above a threshold:

P(Ts,t )= b(t )[Ts −Ts,thresh(t )]H [Ts −Ts,thresh(t )] (1)

where P is the rainfall rate as a function of SST Ts and year t , b(t ) is the slope
parameter, Ts,thresh is the SST threshold for convection and H denotes the
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GCM  Response	



Response  to  2xCO2  of  models  of  
different  resolution:  
  -‐‑  CM2.1  (1°Ocn,  2.5°Atm)  
  -‐‑  CM2.5  (0.25°Ocn,  0.5°Atm)	
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For  related  reasons  tropical  cyclone  potential  intensity  
tracks  SST  relative  to  tropical-‐‑mean,  not  local  SST*	
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*global-‐‑mean  PI  changes  still  need  to  be  explained.	

Vecchi  and  Soden (2007,  Nature)	



Modeled  “threshold”  for  hurricane  genesis  also  
depends  on  tropical-‐‑mean  SST	
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decrease by 27%, hurricanes by 18% and major hurricanes by 8% relative to the control.
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increase (∼+70%) in major hurricane counts. This sensitivity of

the hurricane response to details of the climate model projections

highlights the need to better constrain regional climate responses to

increased CO2.

A key limitation of our regional downscaling model is that

it does not simulate the most intense hurricanes or the strong

dependence of upper-limit intensities on SST observed in the

present climate (see Supplementary Information, Fig. S1). Owing
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decrease by 27%, hurricanes by 18% and major hurricanes by 8% relative to the control.
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increase (∼+70%) in major hurricane counts. This sensitivity of

the hurricane response to details of the climate model projections

highlights the need to better constrain regional climate responses to

increased CO2.

A key limitation of our regional downscaling model is that

it does not simulate the most intense hurricanes or the strong

dependence of upper-limit intensities on SST observed in the

present climate (see Supplementary Information, Fig. S1). Owing
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Statistical  Projections  of  21st  Century  NA  TS  Trends	

  Villarini  et  al  (2011,  J.  Clim.)	



Sources  of  uncertainty  for  relative  SST  change  different  
from  those  to  regional  or  global  SST  change	

Villarini  and  Vecchi  (2011)	

Uncertainties  arising  from  differences  in  model  response  to  forcing  other  key  
source  of  uncertainty  for  coming  decades  (whole  century  for  TS’s)	

Analysis  after  Hawkins  and  Su#on  (2009,  BAMS)  	



Because  modeled  hurricane  counts  depend  on  relative  SST,  trends  
sensitive  to  forcing  used  even  over  satellite  SST  era	

Tropical  storm  frequency  response  to  same  AGCM  but  different  estimates  of  observed  SST	

Vecchi  et  al  (2011,  in  prep.)	

How  do  we  confidently  evaluate  model  skill  in  this  context?	

AGCM  is  100km  version  of  Zhao  et  al  (2009,  J.  Clim.)	

Obs	

AGCM	


Obs	

AGCM	


HadISST  forced	 NOAA-‐‑OI.v2  forced	



Vertical  changes	
Changes  in  atmospheric  stability  impact  potential  
intensity.  Uncertainty  in  past  changes  to  upper  
tropospheric  temperature  limit  confidence  in  past  
(and  future)  PI  changes.	
	
Ocean  near-‐‑surface  thermal  stratification  key  
control  on  intensity  of  strongest  cyclones.  How  
does  it  change?	



• PI Impact of swapping NCEP T-Trend with HiRAM T-Trend 







8-Feb-2010 Gabriel Vecchi, NOAA/GFDL, Princeton, NJ 

Do  we  know  vertical  structure  of  warming  well  enough?    
Relatively  small  inter-‐‑model  TA  trend  spread  still  gives  large  <PI’>  spread  (±2m/s)  

  
For  now:  assume  GCM  lapse  rate  response  “reasonable” estimate?  	

Santer et al (2008) 

IPCC-AR4 21st Cy model response 
Observational estimates and 
IPCC-AR4 historical runs 



Intensity  of  most  intense  hurricanes  
impacted  by  ocean  stratification	

Lin et al. 2005). These findings are consistent with im-
provements in hurricane forecasting, resulting from the
inclusion of ocean coupling and estimation of oceanic
heat content (DeMaria et al. 2005; Bender et al. 2007;
Mainelli et al. 2008). The results presented in this paper,
showing large-scale observational evidence for the im-
portance of oceanic conditions, are consistent with these
past studies. By compositing over a large number of
tropical cyclones, across all ocean basins, and stratify-
ing the TMI–SST response by tropical cyclone intensity
on the Saffir–Simpson scale, we hope to reinforce past
work indicating the importance of oceanic controls on
hurricane intensity.
It should be noted that the influence of different trop-

ical cyclone sizes on SST cooling has not directly been

addressed in this study. Results fromKimball andMulekar
(2004) suggest that in the North Atlantic the average
radius of maximum winds does not change significantly
between hurricane categories. There is, though, a larger
change in the average radius of 17 m s21 winds, which is
expected for stronger hurricanes. Further work is needed
to quantify the relationship between tropical cyclone size
and the magnitude of SST cooling, especially in ocean
basins outside the North Atlantic.
Because the TMI–SST data is poor at recording mea-

surements when heavy precipitation is present, we as-
sume that themaximumSST cooling on day12 is a good
indicator of the SST cooling under a tropical cyclone
when it passes a location on day 0. This assumptionmerits
further study from in situ SST measurements. However,

FIG. 8. (a) Lagrangian composite air–sea enthalpy flux anomaly (W m22) on day 11 for 2.58 3 28 average over tropical cyclone track
positions in the North Atlantic during the period 1998–2004 using Yu–Weller fluxes. (b) Lagrangian composite of the T(10m) 2 2-K
stratification depth in the North Atlantic for monthly averaged 18 3 18 CDA data during 2002–07. The T(10m)2 2-K depth is divided by
category on the Saffir–Simpson scale and is shown forV/f , 1. (c),(d) As in (a),(b), but for all basins excluding the NorthAtlantic and also
show results for categories 4 and 5 combined. The bars mark 90% and 95% confidence intervals on the composite mean values.
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However, we find that the SST response is non-
monotonic, with stronger cyclones producing more
cooling up to category 2 but producing less or approxi-
mately equal cooling for categories 3–5 tropical cyclones
(Figs. 4a,c). The nonmonotonic SST response is par-
ticularly pronounced in the North Atlantic. For ocean
basins outside the North Atlantic, the SST cooling from
category 2 to category 5 tropical cyclones does not change
significantly, with the exception of the South Pacific (see
Fig. 4c and appendix B). This observationmay in part be
due to a lack of category 5 tropical cyclones outside the
North Atlantic over the period of study. Other possible
explanations for the ‘‘saturation’’ of SST cooling for
categories 2–5 tropical cyclones outside the Atlantic
merit further investigation. For example, it could be that
increased oceanmixing does not bring colder water to the
surface after category 2. Alternatively, potential intensity

or other atmospheric constituents (e.g., vertical wind
shear) in ocean basins outside the North Atlantic could
be a more dominant factor for intensification, with a lesser
role for oceanic controls. The SST–intensity pattern is
most apparent forV/f, 1 since slower-moving cyclones
(and cyclones at higher latitudes) induce greater SST
cooling due to enhanced vertical mixing and upwelling
and greater air–sea enthalpy flux losses. Additionally,
slower-moving tropical cyclones have longer exposure
to cyclone-induced cooling.
The nonmonotonic SST–intensity result of Fig. 4a

may at first appear counterintuitive. However, this result
is the type of relationship one would expect if cyclone-
induced wakes impacted the cyclone itself, as has been
previously suggested by modeling studies (Bender and
Ginis 2000;Knutson et al. 2001; Shen andGinis 2003). Thus,
atmospheric forcing of the ocean alone is not adequate

FIG. 4. The Lagrangian composite for the SST anomaly response on day12minus the day212 to22 average. The y-axis values indicate
the mean SST response, with error bars showing the 90% and 95% significance levels for errors in the mean. (a) Slow-moving (or low
latitude) tropical cyclones withV/f , 1 and (b) fast-moving (or high latitude) cyclones withV/f . 1 for the NorthAtlantic. The data point
on the far left indicates the mean composite response for all tropical cyclones, while other points mark different categories on the Saffir–
Simpson scale. (c) Slow (or low latitude) and (d) fast (or high latitude) tropical cyclones in all other ocean basins.
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Ocean  cooling  following  tropical  
cyclones  has  non-‐‑monotonic  
relationship  to  intensity,  indicating  
ocean  influence.	

Strongest  hurricanes  tend  to  occur  over  
water  with  light  stratification  (deep  
mixed  layer).	

Lloyd  and  Vecchi  (2010,  J.  Climate)	



MLD  should  decrease  in  mean  from  CO2,  but  
what  about  regional  pa#erns?	

Dynamical Ocean Changes under Climate Change 138

5-year smooth
20-year smooth

Annual mean

CM2M: Change in 2k strati!cation-depth (m) for 2XCO2 - Control

Time (years)

Figure 5.1: Upper Ocean Stratification change for the tropical mean (30
◦
S-30

◦
N) in CM2M, for 0-300

years of the control simulation with invariant 1990’s radiative and land use conditions. Stratification is

indicated by the T (10m)− 2K depth, which represents the depth where ocean temperature is 2K below

the 10-meter value.

Lloyd  (2011,  PhD  Thesis)	

Kirtman 1997; An and Wang 2000; Wittenberg 2002),
which both flattens the ZT (in response to the equato-
rial westerlies) and shoals the equatorial ZT (from
anomalous ocean divergence driven by off-equatorial
wind stress curl). The observed evolution of the equa-
torial Pacific ZT and zonal winds over the last 50 yr is
consistent with their relationship in these model pro-
jections for a warming world: as the equatorial Pacific

easterly winds have weakened, the west Pacific ther-
mocline has shoaled and the east Pacific thermocline
has remained relatively unchanged (Clarke and Leb-
edev 1997; Vecchi et al. 2006). However, the extent to
which the Pacific thermocline changes over the past 50
yr are the result of changes in global radiative forcing is
not clear (e.g., Vecchi et al. 2006).

The relative intensity of both the mean equatorial

FIG. 12. Multimodel ensemble-mean tropical ocean thermal structure trends forced by increased CO2 (shading) and reference
(contours). (top) The thermocline depth changes. (bottom) The 2°S–2°N averaged temperature changes over the upper 500 m. Trends
are the 19-model average of the linear least squares trend of each quantity over 2001–2100 of scenario A1B (see Table 1), with each
model normalized by the global-mean surface temperature trend over the same period. The reference is the 2001–20 average of
thermocline depth (top, m) and 2°S–2°N temperature (bottom, °C).
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Fig 12 live 4/C

Thermodynamically-‐‑
driven  shoaling  of  
mean  mixed-‐‑layer	

Changes  in  circulation  
can  lead  to  local  
thermocline  deepening	
Vecchi  and  Soden  (2007,  J.  Clim.)	



Summary	
•  For regional tropical precipitation and tropical cyclones 

the “patterns” of temperature change may be more 
relevant: 
- Patterns in space: SST change relative to tropical-mean 
key to tropical precip and cyclone response 
- Patterns in height/depth (atmospheric stability and 
ocean stratification changes)  
- Patterns in time (multi-year to decadal changes) 

•  The past character of “patterns” of change is less well 
known. 

•  The potential mechanisms impacting “patterns” more 
varied (redistribution, non-uniform radiative forcing, non-
uniform response to uniform forcing, etc. 



Regional  changes  important  to  global  mean:  
Cloud  Feedbacks	

Soden  and  Vecchi  (2011,  GRL)	



Differences in HiRAM/NCEP Tropical-mean lapse rate trends 
largely explain differences in 1982-2006 potential intensity trends 



On  multi-‐‑decadal  and  shorter  timescales  internal  variability  can  
dominate  Walker  Circulation  changes	
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Supplementary Figure 2: Statistical significance limits of single-member SLP 

trends of different lengths, estimated from the 2,000-year control GFDL-CM2.1 

integration. Shading indicates the two-sided p-value of a trend of a particular 

value (vertical axes) computed from a SLP record of a particular length 

(horizontal axes). Thick black line shows the 5-member ensemble-mean trend 

from the all-forcing GCM experiment (the model trend to be detected), a vertical 

dash indicates the length of the trends from the GCM. Symbols show the 

observed trends from: Kaplan29 (star symbol), Hadley28 (circle symbol), 

Kaplan29/Hadley28/NCEP27 blend (square symbol). 
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Both  absolute  an  relative  SST  consistent  with  recent  hurricane  changes,  
only  relative  SST  consistent  with  dynamical  models  (e.g.,  Vecchi  et  al.  2008,  Villarini  
et  al.  2011)  and  homogenized  century  scale  hurricane  records  (Villarini  et  al.  2010)	


